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RESUMO 
O Brasil detém grande parte da água doce do mundo, garantindo um grande potencial 
hidrelétrico, dada a grande e crescente demanda por energia elétrica renovável da 
atualidade. Grande parte das usinas hidrelétricas foram construídas nas décadas de 
1950 a 1980 e já apresentam necessidade de reparos das estruturas de concreto. 
Dentre os danos sofridos por essas estruturas, neste trabalho é discutida a erosão. 
Além disso, grande parte das usinas a serem construídas são planejadas para 
a região norte do país, onde há grande concetração de sólidos carreados pela água 
dos rios. Em estruturas hidráulicas, a erosão pode causar danos irreversíveis. 
Esforços constantes em pesquisas qualitativas e quantitativas desempenham um 
papel importante para definir quais são os materiais mais confiáveis e seguros. 
Estudos anteriores destacam a necessidade de se desenvolver um novo modelo de 
erosão do concreto em estruturas hidráulicas em uma abordagem realista, através da 
simulação do ambiente onde ocorre a erosão. Neste sentido, existem poucos estudos 
que enfatizam a importância da erosão sobre superfícies de concreto causada por 
sólidos transportados no fluxo de água, como em galerias de água, vertedouros e 
bacias de dissipação. Neste estudo, apresentamos um novo aparato para testar 
concretos. Este dispositivo foi desenvolvido adaptando um modelo proposto pela 
ASTM C1138 para ter uma metodologia mais próxica ao fenômeno real. Os resultados 
mostraram uma nova abordagem para solucionar o problema da erosão. 
Paralelamente a isso, foi feita uma análise fluido-dinâmica através de um modelo 
CFD, simulando as condições deste novo aparato, permitindo a comparação com 
resultados numéricos. Esta comparação mostrou consistência para o modelo 
escolhido, confirmando a escolha dos parâmetros de operação. 
 
Palavras-chave: Erosão; Partículas; Concreto; Fluidodinâmica computacional; Modelo 
experimental. 
  
  
ABSTRACT 
Brazil holds a large part of the world's fresh water supply, guaranteeing a great 
hydroelectric potential, given the currently large and growing demand for renewable 
electricity. Most hydroelectric plants, built in the years between 1950 and 1980, already 
require repairs of concrete structures. Among damages in these structures, erosion is 
the most severe. In addition, most plants are planned for the northern region of the 
country, where there is a large concentration of solids carried by river water. In 
hydraulic structures, erosion can cause irreversible damage. Constant efforts in 
qualitative and quantitative research play an important role in defining which materials 
are the most reliable and safe. Previous studies have highlighted the need to develop 
a new concrete erosion model in hydraulic structures, with a realistic approach by 
simulating the environment where erosion occurs. In this sense, there are few studies 
that emphasize the importance of erosion on concrete surfaces caused by solids 
transported in the water flow, such as in water galleries, spillways and dissipation 
basins. In this study, we present a new apparatus for testing concrete. This device was 
developed by adapting a model proposed by ASTM C1138 to allow a methodology 
closer to the real phenomenon. The results show a new approach for solving the 
erosion problem. Parallel to this, a fluid-dynamic analysis was performed through a 
CFD model, simulating the conditions of this new apparatus, allowing the comparison 
with numerical results. This comparison showed consistency for the chosen model, 
confirming the choice of operating parameters. 
 
Keywords: Erosion; Particles; Concrete; Computational Fluid Dynamics; Experimental 
model.  
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1. INTRODUCTION 
This section presents an overview of the current state of hydropower plants and dam 
construction in Brazil. In the following section, a literature review approaches the major 
problems that may occur in these structures and how to prevent them. 
 
Brazil’s energy-expansion plan for 2015-2024 calls for 22 additional large 
dams (BRAZIL, MME, 2015). Table 1 shows that seven of them are planned to be built 
in Northern Region. 
 
Table 1. Plan for Brazil's energy expansion generation (adapted from BRAZIL, MME, 2015) 
Beginning Operation 
Project River 
Power 
(MW) 
Region 
Year 
2015 UHE Teles Pires Teles Pires 1820 North 
2016 
UHE Belo Monte Xingu 11233 North 
UHE Colider Teles Pires 300 Center-West 
UHE Salto Apiacás Apaicás 45 Center-West 
UHE São Roque Canoas 135 South 
2017 
UHE Cachoeira Caldeirão Araguari 219 North 
UHE Baixo Iguaçu Iguaçu 350 South 
2018 
UHE São Manoel Teles Pires 700 North 
UHE Sinop Teles Pires 400 Center-West 
2019 UHE Itaocara I Paraíba do Sul 150 South-East 
2021 
UHE São Luiz do Tapajós Tapajós 8040 North 
UHE Tabajara Jiparaná 350 North 
UHE Apertados Piquiri 139 South 
2022 
UHE Foz Piquiri Piquiri 93 South 
UHE Telêmaco Borba Tibagi 118 South 
UHE Ercilândia Piquiri 87 South 
2023 
UHE Comissário Piquiri 140 South 
UHE Paranhos Chopim 67 South 
UHE Jatobá Tapajós 2338 North 
2024 
UHE Castanheira Arinos 192 Center-West 
UHE Bem Querer Branco 708 North 
UHE Itapiranga Uruguai 725 South 
 
Seven of them are planned to be built in the Amazon Region, an area that 
holds 1/6 of the superficial water of the world (BRAGA et al., 2002). Water availability 
in the country has ensured a great hydraulic potential for energy generation, 
transportation, food production and industrial development. Therefore, there are large 
amounts of dams throughout the territory.  
16 
 
Worldwide, this subject is of great interest. For instance, the International 
Commission on Large Dams (ICOLD), a non-governmental but influential organization, 
represents 80 major dam-building nations. ICOLD aims to promote the interchange of 
ideas and experience in all areas of dam design, construction, and operation, including 
related environmental issues.  
Large dams are defined as exceeding 15m in height or, in the case of dams 
of 10–15m height, satisfying at least one another criteria, e.g. a storage volume in 
excess of 1x106 m3 or a flood discharge capacity of over 2,000 m³s-1 (ICOLD, 2017). 
According to the CBDB (ICOLD’s Brazilian filial), in 2016 Brazil had 1,503 large dams, 
the distribution by purpose follows in Table 2. 
 
Table 2. Large dams in Brazil (CBDB, 2017) 
Purposes Amount Percentage 
Hydroelectricity 829 55.2% 
Water Supply 180 12.0% 
Dry Combat 305 20.3% 
Irrigation 145 9.6% 
Navigation 16 1.1% 
Recreation 7 0.5% 
Fishing Production 4 0.3% 
Flow Regulation 10 0.7% 
Flood Control 7 0.5% 
 
Notwithstanding, the National Agency of Water (ANA) states that Brazil had 
around 14,000 dams in 2016. This number includes large and small dams. Figure 1 
shows distribution of hydraulic structures according to its use. 
Figure 2 shows that despite the Northern region (Amazon included) holds 
the greatest hydric potential in Brazil, most dams are frequently located at the 
Southeastern region. The most inhabited areas, industrial sites and services are 
located at the Southeastern region. For instance, the State of São Paulo holds for 
approximately 45 million inhabitants, or 21.71% of the total population of Brazil (IBGE, 
2017). 
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Figure 1. Brazilian Dams and its purposes (ANA, 2017) 
 
 
Figure 2. Distribution of dams by Regions in Brazil (ANA, 2017) 
 
To supply the needs of the Brazilian population, dams were first built before 
1890. The first hydropower plant was named Marmelos, launched on September 7th, 
1889 for public interests. This hydropower plant was able to generate 252 kW. 
According to The History of Dams in Brazil - 19th, 20th and 21st Centuries (CBDB, 
2011), the first dam was built in the Northeast, starting in 1887, where the National 
Department of Drought Works (DNOCS) played an important role in the construction 
of dams for irrigation, urban water supply for small population centers. The golden 
years in the construction of dams were between 1950 and 1970, especially to combat 
droughts. Thereupon, in the beginning of the 2010 decade, hydroelectric plants over 
87%
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50 years of age were responsible for generate around 1,206 MW. Nowadays, many of 
these units are being rehabilitated and repowered. 
These problems require attention and constant research. Considering the 
hydroplants and appurtenances in the Southeast region, the economic development 
led to a high population concentration and this has been changing  the occupation of 
several of its watersheds. Many of these suffered deforestation and irregular 
occupations, which lead to increased  soil erosion. Sediments will reach rivers and, 
eventually,  hydraulic surfaces, causing severe erosion. Madeira River, one of the main 
water corses of Northen region, is known for its characterist high solids concentration 
in water. This river hosts two of the five most productive hydropower plants of Brazil: 
Jirau and Santo Antonio. Santo Antonio plant (Figure 3) is in operation since 2012, its 
spillways has capacity for a flow rate of 84,000m³/s. 
 
 
Figure 3. Santo Antônio Dam – Madeira River (Santo Antônio Energia, 2014) 
 
Brazilian regulation regarding dams construction is recent. Dam security 
policies and practices define a check-list which describes the verification of erosion on 
hydraulic structures as one of its parameters (ANA, 2016a). However, the 
Entrepreneur's Manual on Dams Safety Volume VI - Guidelines for the Construction of 
Dams (ANA, 2016b) does not establish the need to verify the concrete erosion 
resistance before builting the dam, only describes about its characteritics strenghs.  
Tatro (1999) shows that hydraulic structures, although withstand the wear 
caused by the mixing of solid water, are generally not prepared for events in which 
larger quantities of solids are carried, something common in the current scenario of 
19 
 
intense changes of watersheds. Tatro (1999) also presents a series of hydraulic 
structures that have suffered erosion. In his report, it is clear that 55.7% of cases were 
eroded by the water-solid mixture, 25.3% by a combined action of the water-solid 
mixture and cavitation, 15.2% by cavitation, 1.3% by chemical attacks. 
Currently, the Computational Fluid Dynamics (CFD) has become an 
important tool to study flow problems, helping designers to optimize single and 
multiphase systems. In wear-related problems, the CFD is used as a tool for predicting 
the wear in various environments and due to its complexity, it remains unfeasible to 
the use of empiral correlations. 
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2. LITERATURE REVIEW 
This section presents the main methods to test concrete for erosion by the solid-water 
mixture, but none of them represents the real phenomenon with fidelity. By presenting 
a new apparatus, simple, economic and reliable, the safety of dams, regarding erosion 
effects may be increased. 
 
The water basin where a hydraulic structure is situated has unique 
characteristics. It is usual to consider that most particles are carried by the flow. 
Carvalho (2008) states that 60 to 95% of these particles are on top of the main river 
course. Therefore, the probability of this solid material to be carried to penstocks, 
spillways and stilling basins is considerably high. 
Erosion can be defined as the progressive disintegration of a solid 
(GRAMHAM, 1998). This phenomenon occurs in hydraulic surfaces, and may have 
different causes as erosion-solid mixture, cavitation, or even chemical attacks. There 
are many studies on each phenomenon, its causes and erosion processes. It is 
important to highlight that erosion may occur as a result from more than one of these 
causes. For instance, the erosion may start because of cavitation and the eroded 
material causes erosion by impacting on the downstream structure. 
According to the ASTM G32 standard, cavitation can be defined as the 
formation of cavities in a liquid under low pressure. Cavitation bubbles can collapse 
near solid walls, imploding violently, producing shockwaves and re-entrant micro-jets. 
These phenomena can cause pitting, and eventually material removal (TAILLON et. 
al, 2016; KORJAKINS et al., 2013; KUMAR AND SAINI, 2010; DALFRÉ FILHO & 
GENOVEZ, 2009). Cavitation erosion in concrete progresses rapidly after an initial 
period of exposure, leading to major damages.   
Erosion may be also caused by the impact of the waterborne silt, sand, 
gravel, rocks, ice, and other debris present in the flow. These solids impact over the 
concrete surface and erosion may happen (LIU, YEN and HSU, 2006). This type of 
damage is readily recognized by the smooth, worn-appearing concrete surface, which 
is distinguished from the small pits formed by cavitation erosion (AGUIAR, 2000). 
Erosion may also be consequence of one or more (combined) processes.   
21 
 
The focus of this Master thesis is the erosion caused by the impacts of solids 
carried by water in hydraulic structures. Figure 4 shows how this type of erosion occurs. 
This is an irreversible damage, money consuming and, therefore, requires constant 
qualitative and quantitative research. 
 
 
Figure 4. Erosion by impact of solids (RIGHINI, 2014) 
 
Neville (1997) and Mehta and Monteiro (2008) consider abrasion as the 
material removal caused by dry friction on surfaces, while erosion would be caused in 
the surfaces by the collision of suspended solid particles in a flow. In this work, the 
wear that occurs on concrete hydraulic surfaces due to the collisions of solids will be 
denominate as stated by these authors. 
The appearance of surfaces of hydraulic structures that undergo erosion is 
normally smooth and polished (KORMANN, 2002). The rate of erosion depends on 
diverse factors, such as size, shape, hardness and amount of particles being 
transported in the flow; water velocity and concrete quality, according to Mehta and 
Monteiro (2008). Aguiar (2000) points out that the laminar flow of water without solid 
particles in suspension generally does not damage the concrete. However, when 
erosion by coarse particles, such as sand or gravel, occurs in a hydraulic structure, it 
22 
 
can be as severe as cavitation erosion. The reason is that the surface layer is more 
resistant than the lower layers, leading to greater erosions, as the surface is removed 
(AGUIAR and BAPTISTA, 2011). 
According to Liu, Yen and Hsu (2006), mass loss caused by erosion in 
hydraulic concrete is a three-stage process (Figure 5). Initially, pressure of water 
molecules causes a pre-erosion peeling off a concrete surface. Afterwards, impacts of 
solids carried along with water result in removal of mortar and subsequent exposure of 
coarse aggregates. Finally, removal of aggregates occurs due to scratching and 
shearing actions. Furthermore, Dandapat and Deb (2016) also highlighted the fact that 
erosion depends mainly on weakening of interface between mortar and aggregates 
since the last component generally exhibit high resistance when individually analyzed. 
 
 
Figure 5. Process of erosion in hydraulic surfaces (LIU, YEN and HSU, 2006) 
 
From the fluid dynamic point of view, according to Malavasi et al. (2013), to 
equate the erosion problem, three components should be considered, as follows: the 
solid surface, the solid particles that remove surface material and fluid properties that 
carries solid particles. However, many variables are associated with each component 
and, therefore, the problem is not easily equated. Haugen et al. (1995) determined that 
erosion depends mainly on the particle velocity, the angle between the target and the 
trajectory of the particle, as well as physical properties of the particle and the solid 
surface. Erosion models are often multiphase models, coupled to computer models.  
Nesic and Postlethwaite (1993), Wood et al. (2001), Wood et al. (2004), Chen, Mc 
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Laury and Shirazi (2006), Parsi et al. (2014) performed erosion models for flow in pipes 
and elbows; Haugen et al. (1995), Nøkleberg and Søntvedt (1998), Wallace et al. 
(2004) did that for valves. The main concern of these authors was the erosion caused 
by sand particles impacting in ductile materials. Nevertheless, the good agreement 
between the expected erosion rates and those obtained in the field revealed the 
correctness of this combined approach.  
However, little research has focused in the erosion of non-ductile materials, 
such as concrete. Moreover, Horszczaruk (2004) states that there is not an acceptable 
range for the erosion loss. Depending on the use for the structures and its constitution, 
mass loss may be acceptable, in some scale. Besides that, the great majority of testing 
methodologies only consider the properties of concrete as the main factor for erosion, 
which does not correspond to the full problem. In previous works, McDonald (2000), 
Omoregie et al. (1994), Scrivener et al. (1999, 2001) and Naik et al. (1994, 1998) 
highlighted the importance of the concrete characterization in the erosion process. 
Nonetheless,  erosion laboratory simulations applied by authors do not reflect natural 
conditions of the environment where erosion occurs. The research performed by 
Małasiewicz (1973), Bania (1989, 1991), Horszczaruk (1996, 1999) and Haroske 
(1998) focus on investigations on laboratory simulations. Authors found that results are 
significantly influenced by methods. 
Several methods have been proposed by the ASTM committee to test 
abrasion resistance of concrete. Dalfré Filho et al. (2000), Horszczaruk (2005), 
Horszczaruk (2008), Horszczaruk (2009), Kryžanowski et al. (2009), Kryžanowski et 
al. (2012), Kumar and Sharma (2014), Mohebi, Behfarnia and Shojaei (2015), Lamb et 
al. (2015) used the apparatus described in the ASTM C1138M-12 (1989, 2012), see 
Figure 6. These authors were also able to determine the relative resistance of different 
concretes under the erosion effect. The advantage of this apparatus is that it 
accelerates the erosion process. However, the damage does not match the actual 
process present in hydraulic structures, since this procedure is abrasion by steel balls, 
and not the phenomena of erosion by impact. 
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Figure 6. The ASTM C1138M apparatus, dimensions are in millimeters (MESSA et al., 2017) 
 
This equipment works causing erosion by abrasion in an underwater 
concrete surface. A concrete sample, which composition is adequate to a hydraulic 
structure is placed at the bottom of a tank, than the tank is filled with water until the 
agitation paddle is covered. Steel spheres are placed in the tank in order to cause 
abrasion when the impeller starts to agitate the water. The impeller is made of blades 
perpendicular to the concrete surface. This method is currently the chosen one as 
standard underwater test to compare the resistance to the erosion of hydraulic 
concrete surfaces, though not representing the real phenomenon. 
Momber and Kovacevic (1994), Hu et al. (2004), Hu, Momber and Yin 
(2006), Liu, Yen and Hsu (2006), Wang et al. (2012), Deb and Dandapat (2016) used 
a different setup, in which a concrete sample is exposed, at a given inclination angle, 
to a slurry sand-water jet coming out from a nozzle (Figure 7). The large, rectangular 
nozzle and the inclination angle were defined in such a way to reproduce the water 
flow over a spillway. This allows to obtain relative comparison between different 
samples based on the depth of erosion, determining the optimum concrete 
characteristics. The high velocity jet mixture has the advantages of being a short and 
accurate test, but it does not simulate the environment in which the concrete surface 
will suffer the erosion by the impacting solids carried by the water flow. In special, Hu, 
Momber and Yin (2002) used a numerical approach similar to the one adopted in this 
work, establishing a relation between the mass flux of the bi-phase fluid (water-solids) 
and the wear by erosion. 
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Figure 7. Nozzle-sample system used by Liu, Yen and Hsu (2006), dimensions are in millimeters 
 
This equipment requires a complex system to supply high pressure in order 
to make the jets of water-sand mixture. The system ends in the rectangular nozzle from 
which the water-sand mixture gets out in high speed to the concrete surface. The 
concrete sample is positioned in an angle of 45 degrees in order to represent the angle 
of impact of solids transported by the water.  
Moreover, other studies, such as described by Horzszczaruk (2000, 2004), 
aimed on creating a new apparatus shown in Figure 8. It consists of a steel drum, 
partially filled with a mixture of aggregates and water. The author positioned six sets 
of three cubic concrete samples radially along and a horizontal axis inside a tank, 
totalizing 18 concrete samples. The tank was horizontally disposed. Then, samples are 
subjected to erosion by aggregate–water mix. The axis started to rotate, so samples 
impacted against the mixture in the bottom of the tank. The abrasive mixture consisted 
of natural aggregate of 8–32 mm grain size with water, for each velocity tested, also 
the concentration of solids in the mixture were changed. This allows achieving the goal 
of better simulating natural conditions in which concrete abrasion occurs, but, at the 
same time, the size of the rig and the difficulties in controlling the experimental 
conditions for such complex flow appear the key drawback of this solution. 
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Figure 8. The apparatus proposed by Horszczaruk (2000, 2004), dimensions are in millimeters 
 
The analysis above indicated that none of the above methods for concrete 
erosion testing is free from critical aspects, mainly residing in either difference from the 
actual working conditions or excessive complexity of the setup. There is a lack of works 
emphasizing the importance of erosion caused by different solids that are actually 
carried by the flow over concrete surfaces in structures, such as water galleries, 
spillways and stilling basins.  
Since 1970, Spalding has been studying Computational Fluid Dynamics, 
once advances in computational field allows its use to make several simulations of 
fluid-dynamics. The high complexity of equations related to erosion requires this 
approach. Many authors have been using CFD software to solve problems regarding 
erosion. For instance, Mansouri et al. (2015) developed a combined CFD/experimental 
methodology for erosion prediction, once this phenomenon causes great prejudice in 
chemical industries. Their work showed a new approach to the problem, but using the 
jets methodology. Parsi et al. (2017) present a CFD model that was adopted to analyze 
air-water-sand flow in a Horizontal-Horizontal (H-H) standard elbow. This tool allowed 
to study the qualitative and quantitative aspects of erosion. Wong, Solnordal and Wu 
(2014) contest the traditional erosion modeling on oil and gas equipment, once it is 
frequently assumed a fixed erosion rate and an unchanging surface profile throughout 
the erosion-exposure period. They compared this procedure with various eroded 
profiles of physical configurations with traditional computational-fluid dynamics (CFD) 
modeling with an unchanging model surface. Messa et al. (2015), used the built-in 
Eulerian, two-fluid, Inter-Phase Slip Algorithm (IPSA) (SPALDING, 1972), together with 
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user-defined functions and subroutines for implementation of specific constitutive 
equations and boundary conditions. These recent studies shows how useful is the CFD 
approach and how often it is been used for erosion analysis. 
The partnership between FEC-Unicamp and Politecnico Di Milano allowed 
developing an apparatus that integrates advantages from each of the three methods 
in 2013.  
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3. OBJECTIVE 
The objective of this work is to develop a new apparatus, as an advance 
from the existing ones. This apparatus is being conceived to provide reliable results to 
evaluate erosion in hydraulic surfaces due to the action of the water-solid mixture. The 
actual implementation concurs to make the testing conditions realistic to the prototype, 
with a consistent CFD background and low cost tests. 
The specific objectives are as follows: 
 To analyze CFD and experimental results to different clearances and to 
define an optimal clearance and velocity; 
 To analyze experimental erosion on a homogeneous surface. 
 
 
  
29 
 
4. METHODOLOGY 
This study was developed with two approaches: experimental and numerical. This 
topic will describe materials and procedures to achieve both. The experimental 
approach is based on testing samples in the apparatus of study, in order to calibrate 
its optimum operating parameters. The numerical approach is used to validate results 
from tests based on consistents theoretical background. 
 
EXPERIMENTAL APPROACH 
The new erosion apparatus for grave material (Figure 9) was built in the 
Laboratory of Hydraulics and Fluid Mechanics, School of Civil Engineering, 
Architecture and Urbanism, Unicamp, Brazil during the winter of 2014 and a second 
prototype over the spring of 2016. Its operation bases on the apparatus used by ASTM 
C1138M, which methodology is one of the standard tests as defined by FURNAS 
(DALFRÉ FILHO et al., 2000).  
 
 
 
Figure 9. Solid-water erosion apparatus developed at FEC-Unicamp 
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A four poles motor (WEG-Brazil, W22 model) with a power of 370 Watts 
assured the required energy to simulate the flow over the concrete sample. This motor 
had a rotation range of 0-1800 rpm. The constant velocity of the flow was adjusted with 
a frequency inverter (WEG-Brazil, CFW08 model) which could provide an electric 
current range 1.0-2.6 A, connected to the impeller to make the system work. 
This apparatus is based on the one presented by ASTM C1138M and its 
main differences are the presence of four baffles radially disposed (Figure 10 and 
Figure 11) and the change in the impeller (Figure 12). The dimensions of the tank are 
in the figure below and follow some rules: the diameter of the tank is “T”, then the size 
of the baffles is “w” (w=T/10) and the diameter of the impeller is “T/2”. The distance 
between the impeller and the sample’s surface is named as clearance “c”. 
 
 
 
Figure 10. The apparatus proposed in this study. Dimensions are in millimeters (MESSA et al. 2017) 
 
The presence of the baffles assures stability of the concrete sample. In 
addition to that, the turbulence is also increased (Figure 11). 
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Figure 11. Effect of the presence of the baffles (RIGHINI, 2014) 
 
In this apparatus, the impeller formed by four inclined rods displayed radially 
in an angle of 45º with the top of the sample causes an impact over the sample surface, 
which allows reproduction of the solids impact, once it is the main cause of erosion in 
a hydraulic structure surface. Figure 12 also shows the impeller diameter T/2, which is 
equal to 0.175 meters. The clearance “c”, which is the distance between the impeller 
and the sample top, assumes two different values: c=0.16T and c=0.29T. The impeller 
speed Ω, expressed in terms of number of revolutions per unit time, established at 600 
rpm. 
 
 
Figure 12. Impeller details, units in millimeters 
 
The experimental approach developed in stages aiming to achieve its 
objectives. In step 1, concrete samples were tested for two different values for the 
clearance “c” obtained from Malavasi et al. (2013) in order to determinate the best one. 
In step 2, mortar samples were tested in order to increase the scope of work and to be 
able to supply more data to the numerical model, establishing a control group relative 
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to the concrete composition. Step 3 comprises testing of concrete samples with 
different compositions, once the availability of material varies according to the region. 
The concrete samples were prepared according to the Brazilian procedure 
NBR 5738 (2003) at the Laboratory of Structures, School of Civil Engineering, 
Architecture and Urbanism, Unicamp. For erosion tests, sample dimensions of (D) 32.5 
cm x (h) 5 cm were prepared. For each erosion sample, five additional compressive 
resistance samples, of dimensions (D) 10.0 cm x (h) 20 cm were also prepared to 
determinate compressive resistance and modulus of elasticity (Figure 13). The recipe 
of the composition is described in Table 3. 
 
 
Figure 13. Preparation of the samples at Unicamp 
 
Table 3. Composition of the samples for each step (proportion to the amount of cement) 
STEP cement sand rock w/c 
1 Concrete Samples (I) 1 6,47 5,29 1,47 
2 Mortar Samples 1 11,72 0,00 2,64 
3 Concrete Samples (II) 1 2,02 2,28 0,51 
 
High water/cement (w/c) sample ratios were applied for the first set of tests 
in order to calibrate the optimal clearance. Therefore, the mixture had a high water-to-
cement ratio, thus very low compressive resistance, to accelerate the erosion process 
and enhance the influence of the fluid-dynamic parameters of the system.  
The additional samples were submitted to destructive tests of mechanical 
strength 28 days after they were cast. This provided information to characterize the 
samples for resistance to axial and diametric compression; and the modulus of 
elasticity. The axial compression test used a mechanical press. For this test, it was 
necessary to measure the deformation suffered by the test body, thus, an apparatus 
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capable of making that measurement, connected to a computer by means of software, 
was placed around the sample. The test started by progressively adding charge to the 
test body and, in the meantime, the software read the deformation associated with the 
applied load until it ruptured. The highest load, in kgf, supported by the test sample is 
the result of the test. As dimensions of sample were known, when dividing the 
maximum load by the area of the CP top, we have the tension supported by the 
sample, the compressive strength (σc), in kgf/cm².  
According to ABNT NBR 6118: 2003, the value of the modulus of elasticity 
(E) could be estimated by Equation (1). 
 
𝐸 = 5600 × √𝜎𝐶        (1) 
where 𝜎𝐶  is the compressive strength, in kgf/cm². 
 
The diametrical compression test was also performed with a mechanical 
press, but with the sample placed horizontally. The load was applied gradually until 
the CP presents cracked. From the load (F) that caused the crack, it was possible to 
obtain the tensile strength (σt) of each sample, according to Equation (2) (ABNT NBR 
6118:2003). 
 
𝜎𝑡 =
2×𝐹
10×𝜋×𝐷×ℎ
         (2) 
where: D is the diameter of the sample and h, the height. 
 
Erosion was characterized by loss of sample mass over time. Samples were 
positioned at the tank bottom and then the tank was filled with the water-solid mixture 
(Figure 14) and the same sample was eroded in a set time sequence: four times for 6 
hours, once for 12 hours, once for 24 hours, and then once for 36 hours, in that order. 
At the end of each step, the sample was removed, weighed in the dry saturated 
condition and photographed. When samples were taken for weighing, all eroded 
material was also removed, but this was not replaced.  
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Figure 14. The experimental setup at the University of Campinas 
 
First, the sample was weighted using a balance (Toledo, model PRIX III Fit, 
range 0.050-15.000 kg, accuracy of 0.005 kg) and initial mass was recorded. Second, 
the sample was positioned at the bottom of the tank, and the gap between the sample 
and the tank wall was filled with sealant material. Third, clean water was poured into 
the tank up to a static level of 350 mm above the sample and the solid phase was 
added. Fourth, after positioning the impeller-shaft motor assembly at the desired 
clearance, the motor was turned on and the rotational velocity adjusted. At different 
times during the test, the sample mass was measured and the relative mass 
decrement, ΔM/ M0, calculated. Then, steps two to four were repeated to avoid self-
enhancement of erosion process due to contribution of abraded concrete pieces. 
The abradant (solid phase of the fluid) used in initial tests consists of 950 g 
of silica sand particles with density equal to 2650 kg/m³ and size within 1.2 and 2.0 
mm, yielding a static solid volume fraction of 1%. The carrier fluid is water at 20°C, 
density and kinematic viscosity coefficient equal to 998.23 kg/m³ and 1e-6 m²/s, 
respectively. The rotational velocity of the impeller, Ω, and its clearance, c (that is, its 
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distance from the concrete sample) have significant influence on the development of 
the erosion phenomenon. For the last step, the composition of the concrete sample 
has different coarse aggregates, once its availability varies according to the place of 
construction. The parameters for each one of the steps are described in Table 4. 
 
Table 4. Parameters to the tests 
Step Composition Clearance Speed 
(RPM) 
Solids 
(%) 
Total 
Time (h) 
1 Concrete Samples (I) 
c= 0.16T 600 1,00 96 
c= 0.29T 600 1,00 96 
2 Mortar Samples c= 0.16T 600 1,00 12 
3 Concrete Samples (II) c= 0.16T 
600 1,00 96 
900 1,00 96 
 
For the first set of samples, two clearances were established based on the 
results by Malavasi et al. (2013), 5.6 cm (0.16T) and 10.0 cm (0.29T), keeping the 
rotational velocity at 600 rpm (Malavasi et al., 2013). The overall testing time was 96 
hours, whilst it was reduced to 24 hours for tests with mortar samples due to the higher 
velocity at which erosion occurred. 
The mass of the specimen was measured every 6 hours and the relative 
mass decrement, ΔM/ M0, calculated. Each time, the abrasive mixture was renewed, 
in order to reduce as much as possible not only self-enhancements of the erosion 
process due to the contribution of detached concrete pieces, but also spurious effects 
due to particle degradation. 
After a visit to the Politecnico di Milano, between October 15th  and 30th, 
2016, changes to the initial plan of the project were made, based on the discussions 
between advisors. The purpose of these changes was to broaden the work scope, 
including, in addition to presenting the final version of the apparatus, to verify if a 
numerical model of impact erosion can reflect the experimental results of the 
apparatus. Thus, in this second step, fixed apparatus parameters were maintained, as 
shown in Table 4. Samples were made in mortar to provide a homogeneous surface 
once numerical model requires this characteristic, in a first moment. The samples 
followed the ABNT NBR 5738:2003 for their preparation. For the erosion tests, we 
followed a series of fixed times: six times for two hours. Since the mortar is less 
resistant than concrete, material erosion is faster. In this way, it would not be possible 
to use the same time pattern previously used for concrete. A greater amount of hours 
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in the tank could completely erode the mortar sample. As these results would be 
compared with the numerical erosion model, the quality of the data obtained is 
important.  
For the third set of tests, in order to study the influence of the concrete 
composition and the flow velocity, it was used high resistance concrete (Table 3) and 
varying velocity of erosion tests (Table 4). 
Horszczaruk (2005) used the power law to estimate the temporal evolution 
of concrete erosion, as applied in this study (Equation 3). 
 
∆𝑀
𝑀0
= 1 − (
𝑎
𝑎+𝑡
)
−𝑏
        (3) 
where ΔM is the mass loss, M0 is the initial mass of the sample, both measured in 
kilograms; t is the test time in hours; a [h] and b [-] are coefficients, obtained by curve 
fitting of experimental data.  
 
According to this law, the erosion velocity at the beginning of the test, E0 
[g/h] is described in Equation 4. 
 
?̇?𝑟0,𝑒𝑥𝑝 =
𝑑(∆𝑀)
𝑑𝑡
|
𝑡=0
=
𝑑{𝑀
0[1−(1+𝑡 𝑎⁄ )−𝑏]
}
𝑑𝑡
|
𝑡=0
= 𝑀0𝑏 (1 +
𝑡
𝑎
)
−𝑏−1 1
𝑎
|
𝑡=0
= 𝑀0
𝑏
𝑎
  (4) 
A complementary experiment was developed in order to compare the 
erosion by mixture of water-solids with a well-known threat to hydraulic structures: 
cavitation. 
The equipment for cavitation erosion tests is displayed in Figure 15. A 9,200 
W motor power is coupled to a positive displacement pump (PROMINAS, Brazil, model 
BPS-327-025-MP), set at pressure 15.00 MPa. A pipe connected to the pump has a 
specially designed nozzle (see Figure 15, being D equal to 0.0015 mm) in its end and 
it is located inside the reservoir of (D) 0.680 m and (h) 0.740 m.   
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Figure 15. Equipment for cavitation erosion tests (measures in mm) 
 
The test pressure was recorded by an absolute pressure transducer with a 
range of 0.00 to 20.00 MPa (HBM, Germany, model K-P8AP-231B-17A5), placed 
upstream the nozzle. During the tests, the cavitation index σ (Equation 5) was kept 
constant. 
     𝜎 =
𝑝0−𝑝𝑣
𝑝𝑣02
2⁄
             (5)  
 
where p0 is the set pressure, pv is the vapor pressure and v0 is the velocity 
of the jet flow. The water inside the tank is at 24°C. Considering p0 equal to 15.0 MPa, 
v0 equal to 175 m/s, a σ of 0.14 was then obtained. This test was used in order to 
compare erosion by the developed apparatus with a well know procedure. 
 
For the cavitation erosion, the samples were positioned at the bottom of the 
tank and the tank was filled with clean water at three-time tests: 1, 5 and 10 minutes. 
At each time test, step, the sample was removed from the equipment, weighed in the 
dry saturated condition and photographed. First, the concrete sample is weighted using 
a mass balance (Toledo, model PRIX III Fit, range 0.050-15.000 kg, accuracy of 0.005 
kg) and its initial mass is recorded. Sequentially, the sample is positioned again at the 
bottom of the tank.  Clean water is above the tank up to a static level of 350 mm. After 
positioning the nozzle at the desired clearance, the pump is turned on and the pressure 
is set at 15.00 MPa. Equation 3 was also applied to the concrete cavitation erosion.  
38 
 
 
NUMERICAL MODEL 
A numerical model ensures consistency to evaluate the apparatus 
performance. When comparing results with the theoretical description of the erosion. 
The main tool to this approach was CFD software: Phonics®, from the CHAM 
Company.  
Righini (2014) studied the same apparatus under the single-phase flow 
point of view. In the study, authors obtained the velocity field in the region under the 
impeller and the probable area of erosion. However, the phenomenon of erosive effect 
caused by water-solids mixture over a surface corresponds to a two phases (water-
solid) flow, in terms of fluid dynamics. Even if the amount of solids content in the tank 
is low (1%), the solid and the water must be considered. Therefore, the water-solid flow 
was modeled based on the Euler-Euler approach, in which both phases are 
mathematically interpreted as interpenetrating continua and is possible to obtain the 
velocity at each point of space at a given time. Since the volume of a phase cannot be 
occupied by the other phases, the concept of phasic volume fraction is introduced. 
These volume fractions are assumed to be continuous functions of space and time and 
their sum is equal to one. Particularly, was considerate the extension to dense flow of 
the Inter-Phase-Slip Algorithm (IPSA) model of Spalding (1980), which entails solving 
the Reynolds-averaged Navier Stokes equations for each phase. The IPSA method 
has been used in PHOENICS since 1981. 
The first practical step was to define the boundary conditions. In order to 
save time in the simulations, the computational domain was set up as a quarter of the 
tank and it is shown in Figure 16, where it is evident that the geometrical preiodicity of 
the system has been exploited. 
Particularly, zero shear stress was imposed to both phases in 
correspondence to the upper wall, in order to reproduce the free surface of the mixture. 
The two vertical, planar surfaces are attributed a cyclic condition to account for the 
effect of the remaining three quarters of the tank. Finally, all other boundaries (i.e. the 
sample, the tank wall, and the baffles) were modeled as solid walls.  
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Figure 16. Sketch of the computational domain and the imposed boundary conditions (MESSA et al., 
2017), units in millimeters 
 
To obtain the pressure distribution uniquely determined, the pressure was 
fixed in a cell of the computational domain. The average volume fraction in the tank 
was imposed as an initialization step of the solution algorithm. Finally, the effect of the 
rotating impeller on the mean flow was modeled by imposing the velocity of both 
phases and the turbulent parameters on a surface with the shape of a quarter of a disk. 
The mesh is composed of cells on the different axes: x, y and z (Figure 17). 
In the x-axis 68 cells are distributed, on the y-axis 79 and on the z-axis 84. It is 
important to highlight that in the z-axis there is a higher concentration of cells in the 
region below the impeller. 
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Figure 17. Distribution of the meshes 
 
As it is a common practice in stirred tank simulations, the effect of the 
rotating impeller on the mean flow was modeled by fixing the velocities of both phases, 
the turbulent kinetic energy, and the dissipation rate in a fluid region located in 
correspondence of the impeller (green colored in Figure 16).  
In order to determinate a parameter to the mass loss due to the erosion effect, 
the function ϕ may be used as an indicator of erosion in an Euler-Euler 
framework, allowing comparisons between different operating conditions of 
the setup (e.g. in terms of type of impeller, clearance, and rotational speed). 
This function may be used for comparative rather quantitative analyses, with 
the goal of improving the design of the experiment. The function ϕ was defined 
on a discretized plane parallel to the surface of the sample. (MESSA et al., 
2017)  
The function ϕ is in Equation 6 and is based on the idea of Haugen (1995). 
 
𝜑 = −min⁡(?̇?𝑎𝑑𝑣,𝑧, 0)|𝑈𝑝|
2 2𝜃𝑝
𝜋
     (6) 
 
where θp is the inclination angle of the mean solid phase velocity vector and 
comes from Equation 7, and Ṁadv,z is the advective flux per area of the solid phase 
along direction z (Figure 18) and comes from Equation 8. 
 
𝜃𝑝 = 𝑎𝑟𝑐𝑡𝑎𝑛
𝑊𝑝
√𝑈𝑝
2+𝑉𝑝
2
        (7) 
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?̇?𝑎𝑑𝑣,𝑧 = 𝜌𝑝𝛼𝑝𝑊𝑝𝐴𝑒𝑙        (8) 
 
where Up, Vp, and Wp are the components of the mean solid phase velocity 
along directions θ, r, and z, respectively, and Ael is the surface area of the element 
(Figure 18). Moreover, αp is the local average volume fraction, ρp is the density of the 
particle. 
 
 
Figure 18. Reference plane for evaluation of ϕ (MESSA et al., 2017) 
 
The values of ϕ are different from zero only in those elements where the 
advective solid mass flux is directed downwards, thereby assuming that the others do 
not contribute to the erosion process. Moreover, the function is directly proportional to 
the flux of kinetic energy, and linearly increases with the inclination angle, θp. Well 
established practices in wear estimation, in conjunction with the experimental results 
of Liu, Cho and Hsu (2012), suggest that ϕ can be regarded as an indicator of the 
penetration rate, (i.e., the speed at which erosion occurs) and, therefore, the integral 
in space of ϕ, referred to as Φ, relates to the erosion rate. As already mentioned, the 
ϕ function could not serve for quantitative purposes, the mechanical properties of the 
target material as well as some of the abradant not appearing there. Nevertheless, it 
10 mm 
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will be shown that, for cases in which the same abrasive particles are used, ϕ allows 
correct prediction of the effect of the rotational speed and the clearance of the impeller 
on the erosion of the concrete sample. 
An issue arises from the fact that ϕ is zero over the surface of the sample, 
since Ṁadv,z is zero there. Therefore, this function has been evaluated at a certain 
distance from the lower boundary, referred to as δ in Figure 18. This approach may 
seem unsatisfactory, as it introduces an arbitrary parameter in the computational 
model. Nevertheless, ϕ behaves robustly with respect to δ, in the sense that, once δ 
was defined, the relative effect of the fluid dynamics of the system on ϕ was essentially 
independent of δ. This has been proven for δ ranging from 5 to 20 mm, the simulations 
showed convergence for three values of δ: 5, 10 and 20 mm. The results shown 
hereafter refer to δ=20 mm. 
Since the steady-state Eulerian-Eulerian model employed is not capable in 
handling such dynamic effects, the comparison against the simulations is made 
between Φ and the experimentally-estimated mass loss velocity. It is necessary to 
highlight that the ratio between the average value for Φ for the two different situations 
(clearance “c” of 0.16T and 0.29T) was obtained with the finest grid of cells in the 
numerical model. 
The PHOENICS solver ran until the sum of the absolute residual over the 
whole solution domain was less than 0.01% of reference quantities based on the total 
inflow of the variable in question. This is typically achieved in about 12000 iterations. 
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5. RESULTS AND DISCUSSION 
This section presents results from experimental approach and numerical approach. 
Either quantitative as qualitative analysis will be done and important comparisons 
between both approaches indicate good compatibility between them. 
 
Using the methodology described in the Materials and Methods section, the 
load results for the axial compression and diametrical compression tests are presented 
after 28 days of age. For each concrete sample Equation 1 determined its elasticity 
modulus and Equation 2 determined the compressive strength and tensile strength. 
These values are presented in Table 5. 
 
Table 5. Values for characteristics strengths for the samples, in MPa. 
STEP 
Compressive 
Strength 
Tensile 
Strength 
Elasticity 
Modulus 
1 Concrete Samples (I) 3,06 0,37 9763,62 
2 Mortar Samples 1,58 0,16 7064,77 
3 Concrete Samples (II) 35,01 3,62 33277,00 
 
Concerning erosion tests, each sample required a considerable time, as 
presented in Table 4.  In addition to this, upon a leak or need of adjustment in the 
prototype apparatus, there was an increase in time spent. Following the procedure 
indicated in the previous section, after the established period, the samples were 
withdrawn to make the mass loss measurements. The values for each step are shown 
in Table 6, 
Table 7 and  
 
Table 8. 
 
Table 6. Mass measurements for Step 1 - Concrete Samples (I), in grams 
Sample/Time (h) 0 6 12 18 24 36 60 96 
c=0,16T 10015 9510 9030 8490 8020 6785 4400 3074 
c=0,16T 10055 9460 9320 9215 9080 8585 6105 2346 
c=0,29T 10550 10250 10110 10020 9970 9935 9880 9800 
c=0,29T 10590 10400 10290 10180 10050 9825 9585 9385 
 
Table 7. Mass measurements for Step 2 - Mortar Samples, in grams 
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Sample/Time (h) 0 2 4 6 8 10 12 
c=0,16T 8625 7820 6465 5662 5232 4706 4062 
c=0,16T 8770 7440 7075 5422 5388 4820 3566 
 
 
Table 8. Mass measurements for Step 3 - Concrete Samples (II), in grams 
Sample/Time (h) 0 6 12 18 24 36 60 96 
c=0,16T 600RPM 10490 10460 10460 10450 10440 10420 
1042
0 
1041
5 
c=0,16T 600RPM 10845 10835 10835 10835 10835 10835 
1082
0 
1080
5 
c=0,16T 600RPM 9670 9650 9605 9600 9590 9575 9565 9550 
c=0,16T 900RPM 11060 11020 11015 11010 11000 10990 
1095
0 
1093
0 
c=0,16T 900RPM 11020 10990 10900 10880 10855 10790 
1074
0 
1071
5 
c=0,16T 900RPM 11040 11000 10960 10940 10930 10880 
1084
0 
1082
0 
 
It is important to mention that when a sample was broken during a test, a 
new one replaced it, restarting the process. This situation occurred for the Step 2, 
when mortar samples were used, and in Step 1, for the lower clearance (c =0.16T).  
The analyses concerning these data were focused on the velocity of 
erosion. The evolution of the mass loss of the samples was in qualitative agreement 
with the results of previous concrete experiments using different apparatus (e.g. 
Horszczaruk, 2004, 2005, 2008). For the Step 2, in absence of aggregates, deviations 
of a linear behavior may be mainly a consequence of induced geometry changes due 
to erosion. Secondly, the reproducibility requirement of this experiment is largely 
satisfied, especially in long exposures to erosion. 
During the exchange of mixture period, photos were taken following the 
focal distance and surface pattern for qualitative erosion analysis. Figures 19 and 20 
show the samples after 12, 36 and 96 hours of test for concrete (I), having the distance 
"c" set at 0.16T and rotation at 600 RPM.  
The difference between intern radius and external radius represents the 
eroded area of the sample. For qualitative analysis this is the main observation to be 
compared when changing some parameter in the apparatus set up, or material tested. 
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Figure 19. Samples of Concrete (I) after 12, 36 and 60 hours of experiments (c=0.16T) 
 
These images show how the erosion initiates in a small area and evolves to 
a larger area, but following the same center for the center that describes it. 
 
 
 
Figure 20. Samples of Concrete (I) after 12, 36 and 60 hours of experiments (c=0.16T) 
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Figures 21 and 22 show the samples after 12, 36 and 96 hours of test for 
concrete (I), having the distance "c" changed to 0.29T and rotation at 600 RPM. Figure 
23 shows the samples in phases of 2, 6 and 12 hours of test for the mortar, having the 
distance "c" fixed at 0.16T and rotation at 600RPM. 
 
 
Figure 21. Samples of Concrete (I) after 12, 36 and 60 hours of experiments (c=0.29T) 
 
Differently from the other figures, Figure 21 shows a non-pattern in the 
erosion. This occurred due to a flow during the concrete production phase: the vibrating 
table was not properly leveled, causing an irregular distribution of the coarse 
aggregate. 
47 
 
 
Figure 22. Samples of Concrete (I) after 12, 36 and 60 hours of experiments (c=0.29T) 
 
 
Figure 23. Samples of Mortar after 2, 6 and 12 hours of experiments (c=0.16T) 
 
Comparing these figures it is possible to see that the homogeneous 
characteristic of the mortar assures a more clear evolution of erosion, leaving a clear 
footprint. 
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Figure 24 shows the samples of higher strength concrete after 96 hours of 
test. For both speed rotations the erosion was lower. 
 
 
Figure 24. Samples of Concrete (II) after 96 hours of experiments (c=0.16T), 600 RPM (left) and 900 
RPM (right) 
These images show that the area where erosion occurs is the same for any 
configuration of the apparatus and for different material, as evidenced by the red 
circles. What mostly change when varies some aspect of the experiment is the velocity 
with the external radius expands while the internal decreases. 
In figures 25 to 29 graphics are plotted with the points found in the 
experiments using the new device. The vertical axis of these graphics represents 
relative mass loss, the difference of mass through the time proportionally to the initial 
mass, and the horizontal axis is time. 
Erosion occurs faster for the low clearance case (Figure 25 and Figure 26), 
but the rapidity at which the mass loss occurs, i.e. the derivative of the curves, 
decreases with time when the erosion occurs slower. This behavior is well known in 
the literature (HORSZCZARUK, 2004), and it may be a consequence of the geometry 
changes due to erosion, especially in the presence of a composite material. According 
to Malavasi et al. (2013), the distance of 0.16T (5.60 cm) would cause more erosion 
than that of 0.29T (10.00 cm) in the samples due to the angle and velocity of impact, 
which happened in the tests performed with concrete. 
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Figure 25. Concrete (I), 600 RPM – c/D 0.16 
 
Figure 25, however, shows a different evolution of erosion from expected. 
This is due, mainly, for erosion being speeded-up with large aggregates detached from 
the low resistance concrete during tests. 
Figure 26 shows how close the experimental values tend to the expected 
curve. 
 
 
Figure 26. Concrete (I), 600 RPM – c/D 0.29 
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The behavior of the mortar samples (Figure 27) is more accurate with the 
decrease of erosion speed along time, probably because of its flat surface which 
assure  
 
 
Figure 27. Mortar, 600 RPM – c/D 0.16 
 
Figure 28 and Figure 29 describe how erosion evolves for high strength 
concrete. We can notice that the values for mass loss are low and tend to stabilize. 
The scenario represented by the apparatus and its parameters of operation may not 
completely satisfy the intensity of the real phenomena, which do not causes great 
erosion, but erosion by the impact of water-solid mixture is known as a long term 
damage. The low values of standard deviation indicate a good repeatability. 
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Figure 28. Concrete (II), 600 RPM – c/D 0.16 
 
 
Figure 29. Concrete (II), 900 RPM – c/D 0.16 
 
In order to compare the results of erosion by water-solid mixture with a short 
term damage, the graphic from Figure 30 was plotted. The main objective of this 
comparison is to justify the solid range of tools developed in cavitation field. With this 
study, it is expected, also, to highlight the need to develop standard procedures to 
assure security to hydraulic structures susceptible to erosion by water-solid mixture. 
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Figure 30. Cavitation 
 
Using the reasoning developed in the previous section, Table 9 presents a 
comparison between the parameters and results from step of experiments. Notice that 
for the lowest values of V0, the parameter “b” is near zero. 
 
Table 9. Values of the coefficients defined by curve fitting 
Material Clearance RPM a (h) b V0 (g/h) 
Concrete (I) c=0.16T 600 125.000 2.050 164.6 
Concrete (I) c=0.29T 600 24.700 0.078 33.4 
Concrete (II) c=0.16T 600 4.289 0.002 6.0 
Concrete (II) c=0.16T 900 10.091 0.009 9.6 
Mortar c=0.16T 600 106.25 7.000 573.0 
Cavitation - - 28.672 4.654 385.1 
 
When compared the erosion for concrete (I) and concrete (II), both with the 
apparatus working in 600 RPM, we notice that the velocity of erosion (E0) is 27 times 
higher for the weaker concrete, while their compressive strength is 12 times lower, 
indicating a non-linear dependence of the composition of the surface eroded. 
Figure 31 presents a graphic with Equation 3 for all steps of experiments, 
including the values for the cavitation experiments. The main analysis from this graphic 
is that for situations where the “b” assumes a very low value the erosion tends increase 
useful life of the structure. A severe erosion (by cavitation) is set up as comparison 
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parameter: once the most severe erosion is plotted, in terms of velocity of wear, results 
far from that represents a concrete resistant to the erosion. 
 
 
Figure 31. Curves from Equation 3 applied for all experimental results 
 
During the period from 15th to 30th October 2016, the MSc Student and his 
advisor Professor José Gilberto Dalfré Filho went to the Department of Civil and 
Environmental Engineering, Politecnico di Milano (DICA-PoliMi), supported by Edital 
de Cooperação Mundial 26/2016 da VRERI. An important aspect in these two weeks 
was the interaction between the master's and postdoctoral students about the basic 
functioning and equation of CFD and the hypotheses established in the mathematical 
model. The aim was to assemble the mathematical model. The commercial CFD code 
PHOENICS® 2014 was employed for the numerical solution of the Euler-Euler model 
equations. In this time, the models of code writing and data processing were presented.  
As a result from the computational approach, a new model was able to 
predict regions in which the particles impinge against the bottom with higher velocity 
(Figure 32), causing erosion. The pitched blade impeller fits into this purpose, being 
capable in pushing the particles against the sample and, afterwards, re-lifting them up 
close to the tank wall. The mean velocity field of the solid phase depicted in Figure 32 
confirms this statement, clearly showing the presence of an annular zone where 
particle impingements are likely to occur.  
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Figure 32. Mean velocity field of the solid phase for a typical simulation (Messa et al., 2017) 
 
A typical ϕ distribution is depicted in Figure 33 for c/T=0.16 and Ω=600 rpm, 
showing consistency with the solid phase velocity vectors of Figure 32.  
 
 
Figure 33. Distribution of ϕ for C/T=0.16 and Ω=600 rpm 
 
A sensitivity analysis was performed to investigate the effect of the impeller 
clearance and the impeller rotational speed on the expected development of the 
erosion process. The c/T ratio was varied in the range from 0.16 to 0.29, and Ω 
increased from 600 to 900 rpm. Researches by Zwietering (1958), Mak (1992), and 
55 
 
Jirout and Rieger (2011) suggest that, in all cases, the rotational speed is enough to 
avoid particle accumulation. The simulation suggests that c/T and ϕ differently affect 
the erosion shape due to their effect on the fluid dynamics of the two-phase system. 
Particularly, lifting the impeller upwards causes a decrease in the penetration rate 
accompanied by an increase in the inner radius of the scar ring. Conversely, a variation 
in the impeller speed results in a change in the velocity at which erosion occurs, but it 
is unlikely to produce a change in the scar shape. 
The considerable influence of c/T and ϕ on the sample erosion is confirmed 
by values of the integral of ϕ, reported in Table 10 for all flow conditions. 
 
Table 10. Values of Φ for different flow conditions 
c/T [-] Ω [rpm] Φ [kg∙m²/s³] 
0.16 600 2.72 
0.29 600 0.91 
0.16 900 8.38 
 
Numerical methodology verification was in two steps. First, visual 
comparison between the surface sample at the end of the test and the predicted ϕ 
distribution (Figure 33) gave strength to the hypothesis that ϕ can be related to the 
penetration rate and, consequently, to the erosion depth at a certain instant. The 
similarity between the ring shape of the function and that of the scar on top of the 
sample is evident in Figure 34, giving strength to the assumption that ϕ is related to 
the penetration rate. 
 
 
Figure 34. Qualitative analysis between CFD and experimental approach 
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Before comparing CFD model results with experimental, it must be 
highlighted that CFD model is not capable in handling non-linear effects in the mass 
loss, in this lines the comparison only will be valid if using experimental data results in 
its linear behavior. For this situation Table 11 compiles the new values to be used in 
the comparison. 
 
Table 11. Values of experimental data for the linear behavior 
Data up until 24h 
Set Up a [h] b [-] M0 [g] E0 [g/h] 
Concrete I - 600rpm - c = 0.16T 21,67 0,2115 10035 97,930 
Concrete I - 600rpm -  c = 0.29T 18,70 0,0678 10570 38,323 
Mortar - 600rpm -  c = 0.16T 98,32 6,8949 8698 609,903 
Concrete II - 600rpm -  c = 0.16T 5,05 0,0027 10335 5,496 
Concrete II - 900rpm -  c = 0.16T 3,14 0,0047 11040 16,470 
 
To summarize the comparison Table 12 is presented. The comparison 
consists in verify how close ratios between experimental analysis are to CFD analysis. 
Many ratios was calculated, each one for different experimental set up, considering 
clearance, rotational speed and material tested. Table 12 presents ratios for different 
set ups, measuring the velocity of erosion (E0) change for some fixed parameters and 
change one at a time. 
 
Table 12. Values of Φ, obtained by CFD, and E0 ratios 
Comparsion  
Φ [kg·m²/s³] vs E0 [g/h] 
Fixed Parameters Φ 
[kg·m²/s³] 
Ratio E0 [g/h] Ratio 
c/D [-] Ω [rpm] Material 
c/T [-] 
0,16 - 600 Concrete I 2,72 
2,99 
97,930 
2,56 
0,29 - 600 Concrete I 0,91 38,323 
Ω [rpm] 
900 0,16 - Concrete II 8,38 
3,08 
16,470 
3,00 
600 0,16 - Concrete II 2,72 5,496 
Material 
Concrete I 0,16 600 - 2,72 
1,00 
97,930 
17,82 
Concrete II 0,16 600 - 2,72 5,496 
Mortar 0,16 600 - 2,72 
1,00 
609,903 
6,23 
Concrete I 0,16 600 - 2,72 97,930 
Mortar 0,16 600 - 2,72 
1,00 
609,903 
110,98 
Concrete II 0,16 600 - 2,72 5,496 
 
Clearance probably has an influence non-linear just as the rotational speed, 
once clearance is almost two times higher but the erosion is close to three times 
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slower. The same follows for rotational speed: an increase of 50% brings erosion three 
times higher.  
When comparing specifically parameters that represents the apparatus set 
up, we obtained good compatibility with the numerical model, as may be observed in 
Figure 35.  
 
 
Figure 35. Comparison between CFD and experimental approach 
Next challenges consist in determine a new numerical approach, in other 
lines, a new phi function. This function to be will take into account a parameter 
regarding the type of material tested. Some material comparisons are displayed in 
Figure 36. 
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Figure 36. First analysis to develop a new erosion model, considering the type of material tested 
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6. CONCLUSIONS 
The research contributed to the dam safety field. Especially for Brazil, since 
the country presents a very recent legislation and, in addition, it has numerous rivers 
in the region of sandy soils, where erosion by the water-solid mixture brings serious 
consequences. This study proposes a simple apparatus that adds features of existing 
devices in order to provide more reliable experiments, which may reproduce conditions 
of the phenomenon. 
In the experimental approach, we defined test and analysis parameters, 
through which it is possible to determine whether or not the concrete will wear out due 
to erosion over time. For cases where the factor "b" of Equation 3 tends to zero, the 
useful life of the concrete tends to extend. 
The numerical approach was possible due the fact that the apparatus had 
enough geometry and operation to be parametrized in the CFD software. The 
simulations were faithful to experiments, but the function that relates Erosion (φ) still 
needs to be adjusted for more reliable results. This fact is related to the non-linear 
dependence on velocity and clearance parameters. 
Finally, in addition to opening the field for new advances to define erosion 
model for heterogeneous materials, the analysis of experimental results proved to be 
quite solid and replicable. 
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